The application of heat is used to break the dormant state in spores of several species of bacteria and fungi and ensure germination at a known time and in predictable numbers. Using the ascospores of Neurospora tetrasperma, Goddard (3) and Goddard and Smith (5) investigated this type of activation, paying particular attention to the critical temperature of the activation reaction and to the respiratory interrelations existing among dormant, activated, and germinating spores. A very large increase in the respiratory rate-from ten-to forty-fold-takes place when dormant spores are subjected to an activating temperature, and this rate doubles when germination occurs, approximately three hours after activation. The respiration of each stage differs qualitatively as well as quantitatively from the other stages as shown by the dissimilarities in inhibition in response to several respiratory poisons. Further, carboxylase activity could not be detected in dormant spores, but was found after heat treatment, suggesting that the activation of this enzyme may be the primary effect of heat which leads to the interruption of the dormant state. Acetaldehyde and ethanol, alone of many substrates tested, were able to induce a large increase in the Qo2 of dormant spores, but this increase was far short of the phenomenally large one accompanying activation; and in fact these substrates did not activate the spore, or at least, did not result in germination. Goddard (3, 4) also demonstrated that activated spores could be returned to the dormant condition by the inhibition of respiration after activation; that they could then be reactivated de novo, and that this sequence could be repeated at least several times.
The application of heat is used to break the dormant state in spores of several species of bacteria and fungi and ensure germination at a known time and in predictable numbers. Using the ascospores of Neurospora tetrasperma, Goddard (3) and Goddard and Smith (5) investigated this type of activation, paying particular attention to the critical temperature of the activation reaction and to the respiratory interrelations existing among dormant, activated, and germinating spores. A very large increase in the respiratory rate-from ten-to forty-fold-takes place when dormant spores are subjected to an activating temperature, and this rate doubles when germination occurs, approximately three hours after activation. The respiration of each stage differs qualitatively as well as quantitatively from the other stages as shown by the dissimilarities in inhibition in response to several respiratory poisons. Further, carboxylase activity could not be detected in dormant spores, but was found after heat treatment, suggesting that the activation of this enzyme may be the primary effect of heat which leads to the interruption of the dormant state. Acetaldehyde and ethanol, alone of many substrates tested, were able to induce a large increase in the Qo2 of dormant spores, but this increase was far short of the phenomenally large one accompanying activation; and in fact these substrates did not activate the spore, or at least, did not result in germination. Goddard (3, 4) also demonstrated that activated spores could be returned to the dormant condition by the inhibition of respiration after activation; that they could then be reactivated de novo, and that this sequence could be repeated at least several times.
Later Emerson (1) found that furfural is as effective as heat in inducing activation of ascospores of N. crassa, and Mefford and Campbell (7) found that it is also successful in bringing about the germination of spores of a number of thermophilic and heat tolerant bacteria. The way the activation is effected is quite unknown, although Mefford and Campbell suggest that in bacterial spores it may be due to a detoxification of the medium. This would not explain activation in Neurospora where no medium other than distilled water need be involved. Recently Sussman (8) has tested a large number of analogues of furfural, and also many substances of known biological activity, for ability to activate dormant spores or to inhibit activation and growth.
The results suggest that only unsaturated, 5-membered heterocyclic compounds are active (diethyl ether showed slight activity), and that many analogues of active substances (particularly those 1 Received October 23, 1953 .
with substituted nitro-groups, and carboxylic acid derivatives) are strongly inhibitory to germination and to mycelial growth. The work to be reported here was planned to learn more about the nature of chemical activators, and of the relationship of chemical to thermal activation. For this general purpose two lines of investigation, briefly referred to in a previous publication (1) , are more thoroughly explored: (a) the activity of substances related to furfural; and (b) a comparison of chemically and thermally induced activation with respect to spore age, to reactivation, and to the effects of some respiratory poisons and other inhibitors.
The term activation is not used synonymously with germination; the latter is regarded as the entire sequence of reactions which lead to the appearance of the germ tubes, i.e., to mycelial growth. Activation is here used to refer only to the initial stages of this sequence, which break dormancy.
MATERIALS AND METHODS
Two pairs of wild type strains: IA and 25a and E5256A and E5297a, primarily the latter, were used in these experiments, unless otherwise noted. Ascospores were collected from crosses made in Petri dishes on a special medium (10) inducing a heavy production of perithecia. When ripe a sample of spores all of one age was collected by placing a fresh cover on the Petri dish when spore shedding was well started. By inverting the Petri plate and placing it in the sun, a particularly large sample could be collected in a few hours. The cover was then removed to a fresh base plate containing water and stored in the dark at a temperature of 23 to 250 C. Spore samples collected in this fashion contained relatively few conidia and produced very little mycelial growth. For use in tests, small batches of spores were removed with a microspatula from several regions on the cover, and mixed. The nuumber of spores per experiment varied from under 1000 where only solid media were used to between 500,000 and a million with liquid media. In the earlier experiments spores were washed with a 35 % solution of Purex (5.25 % sodium hypochlorite) to kill any conidia present, but it was found that a more careful collection of spores, and particularly the use of nonnutrient plating medium (agar and water) made this step unnecessary. In tests relating to spore age, the time since shedding was noted to the half day or less; in all other experiments the spores used were within the age range known to be reactive, i.e., from 2 days to 6 weeks. Any deviation from this rule is noted.
In all cases spores were subject to three routine controls: plating on 24 hours. In some cases the pH was noted because the degree of dissociation of the test substance was of interest. In itself, the pH of the medium over the range 3 to 7 was without apparent effect on germination; beyond this range the effect has not been determined.
In the second type of procedure the spores were suspended in a solution of the test substance, and were usually washed afterwards, but the circumstances varied and were noted in the data each time. After the activation treatment, the spores were plated on agar and germination was noted as described above. The number of spores counted also varied and consequently was noted in each case.
The criterion used to denote activation was the appearance of the germinal buds or tubes, since this is the only easily available indication that activation has taken place. A negative result, particularly in the use of poisons, needs careful interpretation since it may be due to an inhibition taking effect after activation but before germination is evident.
All substances were tested for contamination with furfural by the aniline acetate test (11 These results suggest that all compounds with appreciable activity possess an unsaturated ring; the furan ring is not necessary nor is a heterocyclic ring, but the inclusion of a furan ring appears to give the greatest activity; with one exception (furfuryl alcohol) all active substances are aldehydes. Several facts suggest that the CHO group is important for the activation reaction. In the series of substituted benzaldehydes tested, every substitution resulted in loss or very great reduction in activity; hydroxy and methoxy groups in the ortho, but not in the para or meta, position also increased the toxicity of the compound. With the noted exception of furfuryl alcohol, loss of the CHO group or change in its relation to the ring as in methyl-furyl acrolein and cinnemaldehyde, also brought loss of activity, with increased toxicity in the last two cases. However, furfural diacetate was found to be as active as furfural by Sussman (8) , with a good number of other 5-membered heterocyclic compounds showing less but very considerable activity even though they lacked the CHO group. While it might be possible to explain the activity of the alcohol and acetate as the result of substantial oxidation (by air) or hydrolysis, such an easy conversion is not available for compounds like 2-thiophene chloride or 2-methyl furan. Also it was not possible at the end of the tests with furfuryl alcohol to find any indication of oxidation to furfural by means of aniline acetate, though this does not rule out the possibility that it occurred.
The increase in 02 uptake, after heat activation, by the spores of N. tetrasperma is very marked (4); there is every reason to believe that the same sequence of reactions takes place in N. crassa. To make sure of this, but primarily to ascertain whether the respiratory response is the same after chemical as after heat activation, a number of trials were made using the Warburg respirometer. Spores were freed as much as possible from conidia by Goddard or were placed in the cyanide solution after activation. This latter sequence avoids the irrelevant complication of the combined effects of high temperature and cyanide, and is the preferred method; but there appears to be no marked difference in the results whichever course was followed. The results of these reactivation tests were quite reproducible, though varying in actual magnitude between experiments and with different sets of spores. In considering the results there are several complications which should be kept in mind. A temperature of 600 C, for even 15 minutes will kill actively growing cells; the concentrations of furfural used in activation exert no detectable inhibition. A second point arises from the possibility of interaction between furfural, as an aldehyde, and KCN with formation of furfural cyanohydrin. The apparently complete deactivation after even a short time in cyanide, of spores previously activated by furfural, could be due as much or more to the withdrawal of furfural from the activation site by chemical combination with cyanide, as to the effect of the cyanide in repressing aerobic oxidation. In either case, the spores became dormant again, but the different response they showed to reactivation by heat and by furfural might be explained in the latter case by a masking of the activation site by the cyanohydrinwhich though not removed by washing, is destroyed or otherwise eliminated by the 600 C temperature of heat activation. While such an explanation fits the one experimental sequence adequately, it does not apply equally well, if at all, to the others; the results, however, are parallel in all cases. A final consideration concerns the degree and speed of penetration of the compounds in question, particularly the different effects of the two temperatures.
The data show that reactivation by either heat or furfural does occur successfully after original activation by either agent, but with several partial exceptions. Heat applied before any residual action initiated by the first activation has been completed, appears to be lethal; spores so treated do not respond to either type of activation the next day, although other classes with a small amount of germination do respond with much increased germination.
This lethal effect was absent, or slight, in the spores 6.5 hrs in cyanide; nor is it shown in the reactivation experiments reported by Goddard. Spores originally activated by furfural, then deactivated, are only indifferently well reactivated by this agent. This relation is particularly evident in the experiment in which activation preceded immersion in KCN. Here, under entirely similar conditions (except for the original activation), reactivation by furfural was good after heat, poor after furfural activation. This illustrates a difference between the two activators which must be considered in any explanation of activation. A further point shown in each experiment is the stimulating effect of heat on any subsequent response to furfural. The time in the sequence at which heat is applied appears to be of little importance-it may precede or follow cyanide poisoning. The depressing effect of cyanide on subsequent activation by furfural (with no intervention of heat) is shown quite markedly by dormant as well as by deactivated spores. Here again it does not seem likely that there could be a large enough carryover of cyanide throughout washing, to inactivate the furfural chemically.
The reactivation by heat of heat activated spores, while much better than the furfural-furfural sequence, is usually considerably short of the maximum possible even when immediate, and possibly lethal, heat treatment is avoided. This result again does not agree with the complete reactivation found by Goddard. INHIBITORS: A number of analogues of furfural and a number of known enzyme poisons were used in attempts to inhibit the activation reaction, particularly in the hope of finding evidence concerning the relation of the two types of activation. The usual difficulties in interpreting the effects of poisons applied in vivo are increased here by the necessity of using a high temperature during some part of an experiment. A further complication is that the indicator of activation-the germination of the sporemay be inhibited during the period after activation, but preceding the appearance of germ tubes. The data presented are thought to contain some useful and pertinent information as well as many obvious uncertainties.
The following analogues of furfural were used with furfural in proportions of 100 and 1000 to one without resulting in any lowering of the rate of germination: furan, furoamide, and acetaldehyde; and the following poisons were also without appreciable affect: CUSO4 -5 H2(10 3 M); AgNO3 (10 3 M); iodoacetic acid (10 3M); iodoacetamide (2 x 1O4 M); and KCN (10-3 M) though all but the first inhibit the further growth of germ tubes to a greater or lesser extent if not removed after activation. More extensive tests were made with the furfural analogue, 5-nitrofurfural, with 2,4-dinitrophenol, NaHSO3, and NaN3. The results of these tests were quite reproducible when care was taken to equalize the washing, particularly after presoaking the spores in the poison. Because, at the concentrations used, all of the inhibiting substance could be washed out again, the method used (1 to 3 centrifugations, 15 ml H20) was designed to clean the exteriors as quickly as possible with a minimum of outward diffusion of the poison.
Several experiments illustrating the affect of 5-nitro-furfural, 2,4-dinitrophenol, and NaHSO3 on activation, are presented in table V. In the presence of these compounds heat activation resulted in some amount of irreversable inhibition, while furfural activation was unaffected except by the stronger concentrations of NaHSO3. When spores were presoaked in 5-nitrofurfural or 2,4-dinitrophenol, and washed before activation, it is clear that a partial explanation of this difference is complete lack of pene- t Good, or moderately good, reactivation by either heat or furfural. tration of either of these substances in the short time of the activation treatment, except at the higher temperature. The results also suggested that furfural activation is more sensitive than heat activation which is unaffected in each case by the amount of inhibitor present in the spores after 3 hours presoaking, followed by washing. This inhibition can be reversed by increasing the concentration of furfural used to activate; it cannot be reversed when the concentration of the inhibitor is appreciably greater than 1O-MI, no doubt partly because above this concentration furfural also entered the inhibitory range.
5-Nitrofurfural is much more toxic to conidial and mycelial growth than to the activation of dormant ascospores; only a very slight reversal of such inhibition by furfural was achieved in the hyphal growth from germinating ascospores. There was no reversal of inhibition of conidial growth induced by 1.2 x 1jO M 5-nitro-furfural by 1.2 x 1F3 M furfural. In the presence of sugar these inhibitions are less extreme.
The selection of NaHSO3 as a poison was due to the hope that an aldehyde reagent might help clarify a possible function of the CHO group in activation. The results do not rule out this possibility, but can be interpreted in too many ways to lend much support to it. Loss of activity by furfural in the presence of high concentrations of bisulfite is to be expected; it could be due entirely to an external reaction between the two substances, with the resulting combined form inactive, or failing to penetrate, or both. Reactivation of spores in this sequence was only fairly good, and better by heat than by furfural (86 vs. 72 %; after M/2 NaHSO3). This suggests that though the furfural-bisulphite compound is not an activator, it does enter the spore to some extent, causing an inhibition which appears to affect furfural activation particularly. The concentration of bisulphide present in spores after a short presoaking does not affect furfural activation but exerts a strong and irreversible inhibition of heat activation. The degree of inhibition is not affected, or only slightly so, by the presence of furfural during heat treatment. Unfortunately this possible protective effect was not tested against the lower concentrations of NaHSO3.
The superior penetration undoubtedly accompanying the 60°C temperature does not seem a sufficient reason to account for the irreversible nature of the inhibitions produced with heat if activation alone is in question. Activation by furfural is comparatively unaffected by NaN3, while heat activation is greatly or completely inhibited by this poison. Since the results are very much the same whether the spores are pretreated with NaN3 and washed before the activating treatment, or activated in the presence of NaN3, it is evident that this difference is not due to a temperature effect on permeability. Spores activated by heat while simultaneously poisoned by azide, cannot, after washing and plating, be reactivated by another heat treatment 24 hours later, though they may be to some degree reactivated by furfural. When furfural is present during the first heat activation, the spores are protected to a large extent against the inhibiting effect of azide. It will be noted that in one experiment quoted, only germinal buds result, showing that though in at least 60 % of the spores the germination process had been completed, the mycelial metabolism is inhibited. It may well be that some of the reduction in the amount of germination is due to a stronger inhibition at this other physiological site rather than to an interference with the activation reaction. This type of inhibition is limited to spores heated while suspended in a solution of azide-those showing reduced germination after presoaking in azide grow in an uninhibited fashion if they are able to germinate. Altogether, the data suggest that furfural is able to act to circumvent poisoning by NaN3 with respect to the activation reaction, but less successfully or not at all with regard to any inhibition induced in the regular metabolic cycles.
Since in the presence of either NaHSO3 or NaN3 the spores may have been responding to the Na+ ion, the effect of 0.5 and 0.01 molar NaCl solutions on activation by heat was tested. There was no change in the percent of germination at either concentration. DISCUSSION Goddard has suggested that the primary effect of heat on the dormant spore may be the reversible conversion of some inactive substance to an active state, possibly to a precursor of, or directly to, a catalytically active substance; this theory continues to fit the available data. The simplest explanation of chemical activation is that an activator supplied externally is identical with, or very like, this active substance released within the spore after heat treatment, or that it is identical with or very similar to a critical substance of which the heat-released substance 1S a precursor.
There are, however, differences between the activation resulting from heat and that due to externally applied chemical agents which must be explained before any substantial identity in the two types of activation can be assumed; namely, the sensitivity shown by chemical activation to spore age as opposed to the comparative independence of age shown by heat activation, differences in reactivation, and toward some inhibitors. Though the age effect discussed here refers mainly to older spores it must be remembered that the same discrimination between activators is shown by young but ripe spores still in the ascal sac, and by freshly shed spores (1) . If one explanation applies to both age groups then it cannot be the accumulation of an inhibiting substance during the period of spore dormancy. It is possible, however, that the causes in the two cases are different so that such an explanation is not ruled out for the older spores. The reactions of young spores are not changed by washing with Purex, which makes it improbable that there is a substance present at the time of shedding which prevents too early germination, as happens in the case of many seeds.
A change in the permeability of the spore with age would be a satisfactory explanation, but the evidence available does not easily fit such an assumption. The spores used in the respiratory runs were two months old and showed an already considerably reduced amount of germination. This condition, however, did not prevent a reaction nearly as immediate as that after heat activation when furfural was added from the side arm of the respiratory vessel (fig 2-a) .
Other types of substances have been found to enter the dormant spore in effective amounts: acetaldehyde and pyruvate have also been shown by their effect to enter easily, as has H202 (4, 5).
Sussman (8) found that old spores, no longer very reactive to furfural, gave maximum results from poisoning with furfural analogues as gauged by a reduction in the germination rate after heat activation. Since the spores were suspended in the inhibiting substances for 6 hours, the latter may have entered slowly, but the spores were evidently not impermeable to them. These facts make it appear very unlikely that the large changes in reaction to a 20 hour exposure to furfural shown by spores at different ages can be due solely or primarily to changes in permeability.
If permeability is not a matter of critical importance, it is possible that variations with age reflect changes within the spore more immediately related to the activation reaction. If permeability were the main factor, the lowest concentration of furfural, i.e., 1.2 x 10-6 M which will produce maximum germination at the most sensitive time, could be considered as the concentration necessary to produce this result at any time, considering the activation reaction by itself. Instead it appears more probable that the spore undergoes a ripening process during which it approaches, reaches, and declines from a state of optimum efficiency in its response to an activating agent; and that it is only during a brief period of ripeness that the metabolism is triggered to react with maximum effect to a minimum stimulus. While it is probable that the internal production of activator is always in excess of what is needed to activate the spore unless the heat treatment is very short, this fact would account only partially for the observed differences between the two types of activation since increasing the concentration of externally applied activator will counteract the effect of age to a certain degree only.
It is possible that the difference between internally produced and externally applied activators is less real than it appears; that it is due to a secondary effect of heat on the metabolism of the spore. This critical secondary effect is assumed to be a change in some part of the spore metabolism which will result in a state closely resembling the " ripe " state, though less extreme. It is also assumed that this state can be brought about by heat over a much longer period of time than that during which the natural reactivity of the spore remains at a high level. There is no direct evidence supporting this theory, but it fits the available data. In the experiments with deactivation and reactivation, the probable effect of cyanide in lowering the general metabolic level may be the main explanation for the consequent comparative lack of response to furfural of those spores to which no heat was applied at any time. This effect is particularly noticeable in the case of dormant spores (suspended in cyanide for some time before they are activated) where it results in a large decrease in the amount of germination due to furfural while leaving that due to heat unaffected. Further, after an original activation by heat the sensitive state so induced presumably lasts for some time even in the presence of cyanide since spores so treated are still responsive to furfural. From this it follows that it is not primarily the heightened respiratory rate accompanying heat which is responsible for the resulting "ripe" state. This probability is strengthened by a comparison of the respiratory rates of dormant spores of different ages (4) . That of the youngest and most reactive age (three weeks) was only 1/2 of the Qo2 of spores nine weeks old. The critical characteristic of the younger spores may, however, be the forty-fold increase in the respiratory rate they show on activation as against the ten-fold increase in the nine weeks old spores.
Some very recent work appears to bear directly on this possible secondary effect of heat. Sussman (9) has found that quite old spores of Neurospera tetrasperma, no longer responsive to furfural, can be resensitized by preheating at a less than activating temnperature. This freshly induced sensitivity may last a very short time-a few hours only in 28 month old spores-though the respiratory increase resulting from the preheating continues at the new higher level for a considerably longer time. These results are as yet unexplained, and may possibly be unconnected with an effect of heat occurring in younger and more reactive spores, though the main result-a sharpened sensitivity to chemical activators-is the same at each age.
An effect of heat of a possibly similar kind was noted by Evans and Curran (2) who found that preheating the spores of mesophilic bacteria greatly accelerated their germination when they were subsequently incubated on an appropriate medium, though it did not increase the number of spores germinating.
This acceleration was onlv very slightly reduced by an interval of up to a week between the pretreatment and incubation.
Whereas the main course of activation may well be the same following either type of activating stimulus, there seems little doubt that the initial steps are different in the two cases. The results of inhibition with NaN3 show that this poison can prevent the initiation of activation by heat, and that this inhibition can be by-passed in the presence of furfural. If the role of heat is to convert an inactive substance through one or more steps to one having catalytic properties, then apparently the azide intervenes at some point in this conversion, probably directly, though not necessarily so. Again, it seems most probable that the role of furfural in lifting the inhibition is to take the place of the heat-produced catalyst rather than to reverse the inhibition more directly at the point at which it takes effect. As a poison azide is known to attack a variety of enzymatically controlled reactions, very little can be said about the kind of reaction involved here from the data available. Since oxygen is unnecessary for activation, no direct respiratory inhibition is in question, and in preliminary trials with a respirometer, the respiratory inhibition, which does in fact occur in the presence of azide, was not relieved by the added
